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Abstract
The antiproton flux measured by PAMELA experiment might have origi-
nated from Galactic sources of cosmic rays. These antiprotons are expected
to be produced in the interactions of cosmic ray protons and nuclei with
cold protons. Gamma rays are also produced in similar interactions inside
some of the cosmic acceleratos. We consider a few nearby supernova rem-
nants observed by Fermi LAT. Many of them are associated with molecular
clouds. Gamma rays have been detected from these sources which most
likely originate in decay of neutral pions produced in hadronic interactions.
The observed gamma ray fluxes from these SNRs are used to find out their
contributions to the observed diffuse cosmic ray antiproton flux near the
earth.
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1 Introduction
Antiprotons are secondary particles produced in the interactions of primary cosmic
rays with cold protons. The primary cosmic ray composition in the energy range
of 10-1000GeV is dominated by protons [1, 2]. PAMELA [3] experiment has mea-
sured the flux of cosmic ray antiprotons in the energy range of 60 MeV to 180 GeV.
These particles could be produced in the interactions of cosmic ray protons with
the cold protons inside the cosmic accelerators [4, 5, 6] and also in the interstellar
medium during the propagation of cosmic rays [7, 8, 9]. Although antiprotons are
much less in number compared to protons they could be the messengers of un-
known interactions of particles leading to the production of antiparticles. A better
understanding of the antiproton flux would be useful to explore such possibilities.
In this paper we discuss that the gamma ray emission from the hadronic accel-
erators close to us can be used to find out the contributions of these sources to the
diffuse cosmic ray antiproton flux measured near the earth. We have considered
some nearby SNRs observed in gamma rays by Fermi LAT, many of them are as-
sociated with molecular clouds [10, 11, 12, 13, 14, 15, 16]. The gamma ray fluxes
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observed from these sources are most likely produced in hadronic interactions of
cosmic ray protons (p p→ pi0 → γ γ).
Antiprotons are also produced in hadronic interactions of cosmic ray protons
(p p → p p¯ p p). These antiprotons may annihilate and interact with the cold
protons inside the sources and some of them will escape to the interstellar medium.
Due to the low density of hydrogen or cold protons in the interstellar medium
diffusion loss of cosmic ray antiprotons is more important than the loss due to
interactions.
We have used the cross-sections of production of antiprotons from [8]. The
simple formalism discussed in this paper can be applied to any hadronic cosmic
ray source from which the gamma ray flux has been measured. Ahlers et al. [17]
considered the production of electrons and positrons in SNRs in hadronic interac-
tions. In case of hadronic interactions the observed gamma ray flux produced in
neutral pion decay can be used to normalize the primary cosmic ray flux and to
obtain the fluxes of other secondary particles.
2 Antiprotons and Gamma Rays from Nearby
SNRs
The cosmic ray density of the protons inside the sources is expressed by a power
law with spectral index α, dQp(Ep)
dEpdV dt
= CpE
−α
p . These cosmic rays interact with the
ambient cold protons in the molecular clouds producing charged and neutral pions.
The charged pions decay to neutrinos/antineutrinos and electrons/positrons. The
neutral pions decay to gamma rays. Antiprotons are also produced in the interac-
tions of cosmic ray protons with the cold protons but with a different cross-section
of interaction. The antiproton flux injected from cosmic ray interactions is
dQinjp¯ (E)
dEdV dt
= 2 tinneresc ρs c
∫
∞
E
σpp→p¯X(E,Ep)
dQp(Ep)
dEpdV dt
dEp
Ep
. (1)
The factor of 2 accounts for the contribution from antineutrons equally produced
in p p interactions. The speed of the relativistic cosmic rays is close to the speed
of light c. The average time of escape for the cosmic rays from the SNR-molecular
cloud region is tinneresc sec, average number density of cold protons in the inetracting
medium is ρscm
−3.
Following the simplifications given in [8] for high energy antiprotons Eqn.(1)
reduces to
dQinjp¯ (E)
dEdV dt
= 2tinneresc ρs c σ¯α(E)CpE
−α (2)
The values of σ¯α(E) are given in Fig.4. of [8] for a power law spectrum of cosmic
rays with spectral index α =2.6 to 2.8. We have used the cross-sections corre-
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sponding to spectral index 2.6 in our calculations. The diffusion of cosmic rays
[19] for a spherically symmetric geometry can be used to obtain the propagated or
observed cosmic ray antiproton flux.
The diffusion coefficient D(E) = D0
(
E/E0
)δ
is assumed to be only energy
dependent with δ = 0.33 above the break at E0 = 4GeV andD(E) = D0 ∼ 10
28 cm2
sec
below E0 = 4GeV . The cosmic ray antiprotons interact with the cold protons
inside the source and in the interstellar medium. The annihilation cross-section
of antiprotons with protons steeply falls off above 1 GeV while the p¯p inelastic
cross-section rises at the same energy. The total p¯p interaction cross-section is
nearly constant at high energy. The formalism discussed in this work uses spherical
symmetry around the source. If the source is located close to us and it is well inside
the galactic halo the effect of the boundaries of galactic halo may be neglected.
Near the eath the observed cosmic ray flux is in steady state. The source is emitting
continuosly. The spherical volume containging the cosmic rays is expanding as a
result cosmic ray density is falling inside this volume. At the same time new
cosmic rays are arriving from the source. If the loss and gain are compensated
then a steady state cosmic ray flux is maintained at a distance R from the source.
Following eqn.(9) of [20] the maximum antiproton flux at a distance R is
Jobp¯ (E) = c
dQinjp¯ (E)
dEdV dt
Vsource
(4pi)2D(E)R
(3)
This flux is isotropic with dimension GeV−1 cm−2 sec−1 sr−1. Vsource is the volume
of the source. D(E) is the energy dependent diffusion coefficient and R is the
distance to the source. The gamma ray flux density produced inside a source in
cosmic ray interactions is
dQinjγ (E)
dEdV dt
= 2tinneresc
ρs c
Kpi
∫
∞
Emin
σpp→γγ
(
mp +
Epi
Kpi
)dQp(mp + Epi/Kpi)
dEpdV dt
dEpi√
E2pi −m
2
pi
(4)
from eqn.(78) of [21], where Ep = mp+Epi/Kpi. The minimum energy of the pions
Emin = E +m
2
pi/4E and Kpi = 0.17 gives the fraction of the proton’s energy going
to the pion. The gamma ray flux received on earth is Jobγ (E) (GeV
−1 cm−2 sec−1).
Jobγ (E) =
dQinjγ (E)
dEdV dt
Vsource
4piR2
(5)
The cross-section of p p interactions for the production of neutral pions is
σpp→γ γ(Ep) = 34.3+1.88 ln(Ep/1TeV )+0.25 ln(Ep/1TeV )
2
[
1−
(Eth
Ep
)4]2
mb. (6)
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where Eth = mp+2mpi+m
2
pi/2mp = 1.22GeV . In our calculation this cross section
is constant ∼30 mb in the energy range of 10 GeV-1000 GeV. Using eqn.(3) and
eqn.(5) the ratio of the observed fluxes of antiprotons and gamma rays is
Ratio(E) =
Jobp¯ (E)
Jobγ (E)
=
cR
dQ
inj
p¯ (E)
dEdV dt
4piD(E)
dQ
inj
γ (E)
dEdV dt
. (7)
With eqn.(2) to eqn.(6) we simplify eqn.(7) to
Ratio(E) =
Jobp¯ (E)
Jobγ (E)
=
cRKpi α
4 piD(E)
×
σ¯α(E)
σpp→γγ
(8)
The observed gamma ray fluxes from the individual sources considered in this work
are multiplied with the ratio given in eqn.(8) to obtain the cosmic ray antiproton
fluxes from each of them. Our calculated antiproton fluxes are shown in Fig.1.
and compared with the antiproton flux observed by PAMELA [3]. In our case α is
varying in the range of 1.85 to 3.02 as shown in Table-I. The proton fluxes calcu-
lated for the SNRs associated with molecular clouds are shown in Fig.2. assuming
their escape time from the molecular clouds tinneresc = 1000 years. The density of
the molecular clouds is assumed to be ρs = 100 cm
−3 which corresponds to p p in-
teraction time tpp = 6×10
5 years [18]. In this case the escape time is much smaller
than the pp interaction time so the proton spectra are not attenuated significantly.
TABLE-I
Nearby SNRs considered in the present work
SNR R Energy range Gamma ray flux Ref
kpc GeV GeV −1cm−2sec−1
Vela Jr 0.75 1-300 8.65 ×10−9E−1.85 [10]
IC443 1.5 0.2-3.25 6.12 ×10−8E−1.93 [11]
Above 3.25 1.29 ×10−7E−2.56 [12]
W28 2 0.4-1 4.66 ×10−8E−2.09 [13]
Above 1 4.66 ×10−8E−2.74
W44 3 0.1-1.9 1.15 ×10−7E−2.06 [14]
Above 1.9 2.13 ×10−7E−3.02 [12]
W30 4.5 0.1-100 2.16 ×10−8E−2.4 [15]
Tycho 1.7-5 0.4-100 1.38 ×10−9E−2.3 [16]
The parameters used in this table can also be accessed from [22].
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Figure 1: Antiproton fluxes from hadronic cosmic accelerators close to us compared
with the total flux observed by PAMELA [3]
3 Summary and Conclusion
A large number of gamma ray point sources have been detected by Fermi LAT
and other gamma ray detectors. In some of these sources hadronic interaction
of cosmic rays is the underlying mechanism of gamma ray production. We have
discussed a simple formalism to find the antiproton fluxes produced inside SNRs
and molecular clouds in cosmic ray interactions (p p) using the gamma ray fluxes
from these sources produced in hadronic interactions (p p) through the decay of
neutral pions. The cosmic ray antiproton fluxes originating in p p interactions from
nearby cosmic accelerators are found to be much less compared to the flux observed
by PAMELA [3]. We have assumed energy independent escape of the cosmic ray
antiprotons from the sources. Our calculated spectra have energy dependence
qualititavely similar to the observed antiproton and proton spectra shown in Fig.1.
and Fig.2.. Thus this assumption does not contradict the observational results.
We have shown the spectra above 2 GeV as at lower energy the effect of solar
modulation becomes important.
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